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Current Biology 25, R811-R826, October 5, 2015 ©2015 Elsevier Ltd All rights reserved sperm to penetrate the ZP and fuse with the egg plasma membrane [6] . Vaccination with solubilized ZP or isolated ZP proteins can bring about infertility. Sometimes the effects are transient; alternatively, they can be long-lasting, but may be associated with reproductive tissue damage, due to the induction of antibody-and/or T-cell-mediated responses [7] .
We cloned rat IE3, a monoclonal antibody that binds the amino terminus of mouse ZP2, a critical ligand for taxon-specifi c sperm binding [8] ( Figure S2A ). IE3 transiently inhibits female mouse fertility when introduced as ascites fl uid through intraperitoneal injection [9] . Recombinant IE3 localized to the egg ZP in vitro and in vivo ( Figure S2B ). When mating was initiated 5 weeks after injection of AAV-IE3, seven out of twelve mice expressing IE3 were infertile, while fi ve were fertile, but with reduced litter sizes compared with controls (mean ± SEM, 3.8 ± 1.35 vs 14.7 ± 0.94; p < 0.01) ( Figure 1I , Figure  S2C ). However, over subsequent months all AAV-IE3 mice (titer range between 2.8 and 19.3 g/ml) failed to produce progeny, with the exception of one of the initially fertile group of fi ve, who delivered a second litter of one during month three of mating ( Figure S2D ). Importantly, ovaries from infertile females expressing IE3 for 6 months ( Figure 1 , compare panels K and J), as with those exposed to IE3 transiently [9] , appeared histologically normal, and contained follicles at multiple stages of development, as well as multiple corpora lutea. This, in conjunction with the observation that comparable numbers of eggs can be superovulated from control and AAV-IE3 females ( Figure S2B ), suggests that vectored expression of anti-ZP antibodies can induce long-term infertility without disrupting normal follicular maturation.
SUPPLEMENTAL INFORMATION
Supplemental information, including background, discussion, hurdles that must be overcome in implementation of vectored contraception, possible strategies for bringing about reversibility, experimental procedures, two fi gures and one The molecular basis of gamete recognition in mice and humans. Mol. Hum. Reprod. 19, 27 9-289. 7. Gupta, S.K., Gupta, N., Suman, P., Choudhury, S., Prakash, K., Gupta, T., Sriraman, R., Nagendrakumar, S. Displacement studies have shown that long-distance, night-migrating songbirds are able to perform true navigation from their fi rst spring migration onwards [1, 2] . True navigation requires both a map and a compass. Whereas birds are known to have sun, star, and magnetic compasses, the nature of the map cues used has remained highly controversial. There is quite strong experimental evidence for the involvement of olfactory map cues in pigeon and seabird homing [3] . In contrast, the evidence for the use of magnetic map cues has remained weak and very little is known about the map cues used by long-distance migratory songbirds. In earlier experiments [2, 4] , we have shown that Eurasian reed warblers physically displaced 1,000 km eastward from Rybachy to Zvenigorod (Figure 1 ) re-orient towards their breeding destinations by changing their orientation in Emlen funnels from the NE to the NW. We have also previously shown that this re-orientation cannot be explained by a 'jetlag effect' [5] . We have now used this model system to show that Eurasian reed warblers use geomagnetic map cues to determine their position.
REFE RENCES
We performed orientation experiments in Emlen funnels with birds captured during spring migration in Rybachy (55° 09 N, 20° 52 E; Figure 1 ). The birds were housed outdoors in wood and cloth-net cages, which provided the birds with a clear view of the sky and the surroundings (see Figure S1 in the Supplemental Information). First,
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Current Biology 25, R811-R826, October 5, 2015 ©2015 Elsevier Ltd All rights reserved R823 we tested the birds' orientation in the natural local geomagnetic fi eld (total intensity 50,650 nT, inclination: 70.3°, declination 5.6°). The birds oriented towards NE ( Figure 1C ;  = 25°, r = 0.81, p < 0.0001, n = 17; 95% confi dence interval, CI 7°-43°), which represents the mean orientation of Eurasian reed warblers tested over the previous decade in Rybachy ( Figure 1A ;  = 42°, r = 0.46, p < 0.0001, n = 52; 95% CI 19°-64° [2, 4, 5] ).
Second, we virtually magnetically displaced the birds by continuously keeping and testing them inside the 99% homogeneity volume in the centre of a three-axial Merritt-4-coil system [6] set to generate a magnetic fi eld identical to that found in Zvenigorod near Moscow (55º 42 N, 36º 45 E; total intensity 52,175 nT, inclination: 71.2°, declination 10.1°). For detailed experimental procedures, see Supplemental Information. The Eurasian reed warblers compensated for the virtual magnetic displacement to Zvenigorod by re-orienting their compass orientation towards NW ( Figure 1D ;  = 298°, r = 0.52, p < 0.008, n = 17; 95% CI 264°-332°) just as physically displaced birds do ( Figure 1B ;  = 334°, r = 0.41, p < 0.001, n = 52; 95% CI 308°-360° [2, 4] ; 95% CI overlap broadly with the virtually displaced birds). The orientation of the Eurasian reed warblers was signifi cantly different before and after the virtual magnetic displacement (Mardia-Watson-Wheeler test: W = 11.64, p = 0.003, and 99% CIs for the group mean directions did not overlap; 99% CIs 2°-48° in the natural fi eld and 253°-343° after the virtual displacement).
Our data show that a change in magnetic parameters only is suffi cient to elicit a re-orientation response towards their breeding destinations indistinguishable from the one seen after a real physical 1,000 km eastward displacement. The birds tested in the present experiments were kept and tested outdoors in cages providing them with free access to all nonmagnetic cues including unaltered photoperiod, celestial, olfactory, and landmark cues. Thus, all environmental cues except the magnetic fi eld indicated that the birds were still in Rybachy; only the magnetic fi eld indicated that the birds had been displaced 1,000 km eastward. Our data therefore demonstrate that magnetic cues play an essential role in the map when night-migratory Eurasian reed warblers compensate for a long-distance displacement to an unknown location. The few previous studies investigating the effects of virtual magnetic displacements on songbirds (most recently [7] ) reported disorientation rather than re-orientation, which is not very strong evidence for a magnetic map. This disorientation could have occurred for many reasons, for instance because the birds were moved between the altered fi eld and the home fi eld multiple times, which is equivalent to making multiple simulated back-andforth displacements [7] .
The ophthalmic branches of the trigeminal nerves (V1s) are known to transmit non-compass magnetosensory information in a songbird [6, 8] , and Kishkinev et al. [4] previously showed that Eurasian reed warblers need intact V1s to correct for the physical displacements from Rybachy to Zvenigorod. Therefore, the current study makes it highly likely that at least some of the essential magnetic map information used by Eurasian reed warblers is transmitted to the brain via the ophthalmic branch of the trigeminal nerve.
In conclusion, we demonstrate that changes exclusively in magnetic information elicit a compensatory, goalward re-orientation in a long-distance migratory songbird species. Thereby we provide strong evidence in favour of the existence of a geomagnetic map used for long-distance navigation by at least some birds. It might be similar to the magnetic map already known from spiny lobsters [9] and sea turtles [10] . [2] . Each dot at the circle periphery indicates the mean orientation of one individual bird; arrows show mean group vectors; the dashed circles indicate the radius of the group mean vector needed for 5% and 1% levels of signifi cance according to the Rayleigh test of uniformity; solid lines fl anking mean group vectors give 95% confi dence intervals for the group mean directions.
